In this study functional magnetic resonance imaging (fMRI) was used to examine cerebral activity patterns in relation to increasing mental load of a working memory task. Aim of the experiment was to distinguish nonspecific task-related processes from specific workload processes analytically. Twelve healthy volunteers engaged in a spatial n-back task with four levels. FMRI data were acquired with the 3D-PRESTO pulse sequence. Analysis entailed a twostep multiple regression algorithm, which was specifically designed to measure and separate load-sensitive and load-insensitive activity simultaneously, while preserving the original high spatial resolution of the fMRI signal. Load-sensitive and load-insensitive activity was found in both dorsolateral-prefrontal and parietal cortex, predominantly bilaterally, and in the anterior cingulate. As expected, the left primary sensorimotor cortex showed predominantly load-insensitive activity. Load-sensitive activity reflects specific working memory functions, such as temporary retention and manipulation of information, while load-insensitive activity reflects supportive functions, such as visual orientation, perception, encoding, and response selection and execution. Good performance was correlated with a large area of load-sensitive activity in anterior cingulate, and with a small area of load-insensitive activity in the right parietal cortex. The findings indicate that nonspecific and specific working memory processes colocalize and are represented in multiple frontal and parietal regions. Implication of this analytical strategy for application in research on psychiatric disorders is discussed.
INTRODUCTION
The term working memory, as defined by Baddeley (1992) refers to a brain system that provides temporary storage and manipulation of information necessary to execute complex cognitive tasks. It is a vital function for human beings to interact with the environment in a meaningful way, for instance to store information about what one has done in the recent past (seconds), to temporarily store information about the present situation, or to process this information to make plans for the near future.
Abnormal working memory function has been linked to psychiatric disorders such as schizophrenia by neuropsychological measures of cognitive deficits (Aleman et al., 1999; Goldman Rakic, 1994; Goldman Rakic and Selemon, 1997; Park and Holzman, 1992; Weinberger et al., 1992) . Several imaging studies have implicated a link between cognitive deficits and regions within prefrontal cortex (Callicott et al., 1998; Kindermann et al., 1997; Weinberger et al., 1996) .
However, interpretation of imaging results in patient studies is not straightforward as it is complicated by the following two issues. First, performance on various cognitive tasks is generally worse in patients than in healthy controls. Deviant brain activation patterns are often interpreted as a correlate of a specific cognitive deficit, but they may alternatively reflect a general slowing of motor responses which interferes with stimulus processing, if a task requires continuous responding to sequentially presented stimuli. Second, factors that affect the functional imaging measurements, such as artifacts generated by increased head movement in patients compared to healthy controls or generalized effects of medical treatment on brain physiology and on psychophysiological variables, such as vigilance, may contribute to differences in brain activity between groups.
These problems can be addressed by incorporating an internal reference in the design of the experiment. For instance, differences in activity related to primary functions such as visual processing and the 1 To whom correspondence should be addressed. generation of finger movements may indicate that functions other than the cognitive function of interest are affected, and this could form an alternative explanation of differences observed in performance and in the associated brain activity maps. An alternative approach makes use of a parametric design. Several functional imaging studies have shown that the fMRI signal in regions in the prefrontal and parietal cortex increases as the demands made on working memory increase (Cohen et al., 1994; Manoach et al., 1997; Rypma et al., 1999; Smith et al., 1998) . Parametric manipulation of this demand within an fMRI task-design makes it possible to distinguish cerebral activity that is sensitive for workload, or "workload specific," from activity that is not sensitive to workload, i.e., "nonspecific."
The main focus of this study is to present a method to simultaneously measure and separate workloadspecific from nonspecific activity. In contrast with other parametric studies on working memory Callicott et al., 1999; Smith et al., 1998) the current approach separates workload-specific (also referred to as "load-sensitive"), from nonspecific (or "load-insensitive") activity while preserving the original high spatial resolution of the fMRI signal. To accomplish this, voxels are analyzed within individual subjects, avoiding confounds associated with image smoothing and analyzing activation maps across subjects. This method is chosen above a typical groupwise analysis because the latter does not take into account the possibility that workload-specific and nonspecific activity may be limited to small regions in close proximity to one another, but with considerable topographical variation across individual subjects.
In this study a spatial variant of an n-back task was used to induce four levels of working memory load in a parametrically controlled design. The various components of which a parametric task consists can ideally be divided into two categories: those that are not parametrically varied and those that are. The former elicit brain activity that is not specific for the cognitive function of interest, hence called nonspecific processes, and the latter elicit specific processes. The complexity of cognitive processing makes it difficult to distinguish between the two categories on a theoretical basis. Proper examination of the functional imaging results however allows for empirical distinction between the two types of processes. In this study an analytical approach is presented that allows for such a distinction.
The 3D-PRESTO fMRI scan technique (Gelderen et al., 1995; Ramsey et al., 1998) was used for imaging of brain activity. As functional imaging studies have demonstrated involvement of dorsolateral prefrontal cortex (Courtney et al., 1998a; d'Esposito et al., 1998; Smith and Jonides, 1997) , parietal cortex , and anterior cingulate, (Barch et al., 1997; Paus et al., 1998) in working memory, these are the areas that we have focused on in our analysis.
METHOD

General Procedure
Twelve healthy volunteers participated in the experiment (eight male, four female, right handed: Edinburgh handedness inventory (Oldfield, 1971) : 0.98 (SEM: 0.02), with an average age of 27 years (SEM: 5.0)). Subjects were predominantly college students who were recruited from the university. Participants signed an informed consent approved by the ethical committee of the University Medical Center Utrecht. Subjects were trained for 1 h prior to the experiment. A video-projector was placed in the scanner control room to project stimuli from outside the control-room to a screen in front of the volunteer. A mirror enabled the subjects to see the screen.
Subjects had to perform a spatial variant of the nback working memory task with increasing levels of difficulty. This task was designed after Gevins (Gevins and Cutillo, 1993) and has been used in several previous fMRI-experiments (Callicott et al., 1998 (Callicott et al., , 1999 Casey et al., 1998) . Subjects looked at a screen, which showed four large dots in a square indicating the four possible places where a stimulus (a number) could appear (see Fig. 1 ). Subjects were instructed to respond to the stimulus by pushing one of four buttons with the right thumb. Layout of the four buttons corresponded spatially to the four possible positions in which the stimulus appeared. Responses had to be made either directly following the stimulus ("0-back") or with a delay of one ("1-back"), two ("2-back"), or three ("3-back") stimuli. The task-level was shown above the stimuli during the whole task. Responses were re- corded through a pneumatic response buttonbox. The interstimulus interval was 2.2 s.
The design of the n-back task is such that in all levels, subjects have to respond to all stimuli, so the task requires a continuous monitoring and updating of information in working memory. The information that is presented during each trial is the same within all levels, as are the demands made on response selection and execution.
In contrast to other variants of the n-back task, in this task only error rate is a measure of workload or performance, and not reaction time. In all levels, except for the 0-back level, subjects know what the next response will be before they are allowed to respond, as it is determined by preceding stimuli. Therefore, subjects were instructed to emphasize accuracy rather than speed, and the task program did not record reaction times. To show the dissociation between reaction time and workload, we conducted a separate experiment with 4 male and 4 female subjects (mean age 29 years) outside the scanner. This study showed no effect of workload level on reaction time (general linear model, repeated measurements, F 1,7 ϭ 3.04; P ϭ 0.13, see Fig. 3a ) confirming the dissociation.
fMRI
The BOLD-sensitive 3D-PRESTO fMRI pulse-sequence was used (Gelderen et al., 1995; Liu et al., 1993; Ramsey et al., 1998) , on a 1.5 Tesla Philips Gyroscan ACS-NT standard clinical scanner (parameters: TE/TR 35/24 ms; flip angle 9°; FOV 225*175*70; matrix 64*50*20; slice thickness: 3.51 mm; scan time: 5.8 s). Voxelsize was 3.51 mm isotropic (i.e., 0.043 cc). To compensate for the delay of the vascular response to neuronal activity (Ogawa et al., 1993) , execution of the task started 6 s before the first functional scan. fMRI data were acquired in 8 blocks of 50 scans (5.12 min). During each block, each level (rest, 0-back, 1-back, 2-back, 3-back) was performed two times for periods of 29 s (for sequence: see Fig. 2 ), resulting in five volume scans per task period. During the rest condition no stimuli were presented and subjects simply looked at the background image of the task. The sequence of the
FIG. 2.
Task order used in the experiment (R ϭ resting baseline; 0, 1, 2, 3ϭ 0, 1, 2, 3-back level) and a visual representation of the factors used in the multiple regression analysis. Factors 2 and 3 model machine-related signal drifts (intensity in factors 2 and 3 reflect the load on the factor). Factor 1 is used for selecting voxels of interest in the mapping analysis (dark, rest; light, 3 back; white, not included in analysis) and in the signal analysis (from dark to light, 0, 1, 2, 3 back; white, not included).
FIG. 3. (a)
Reaction times averaged over correct response trials per level for eight subjects recorded separately from scan sessions. Results show that in the used version of the n-back task, reaction time is not correlated with level, indicating that speed of response execution and selection is not affected by workload in the spatial n-back task. Error bars represent standard deviations. (b) Error rate per task level during scans. Calculated within subject as the percentage errors and omissions during the whole scansession. Results are averaged over all subjects. Error bars represent standard deviations.
task-levels was partly randomized: only levels 2-and 3-back were randomized but not the other levels. This was done to avoid large variability of intervals between rest and level 3, for the benefit of an originally planned subtraction analysis (which is replaced by a more powerful multiple regression analysis, see below).
A high contrast functional image (flip angle 30°) was acquired for registration. Each session was concluded with an anatomical scan, which was later used as background to determine the location of activity (parameters: 3D-FFE; TE/TR 4.6/30 ms; flip angle 30; FOV 256*256, matrix 256*256*110; slice-thickness: 1.2; scan time: 7 min).
Data Analysis
Performance on the four task levels is expressed as percentage, of required responses, that was incorrect or omitted. The 16 repetitions of each task level were averaged within subjects, to obtain one score on every task.
fMRI data were processed off-line on a HP-workstation using PV-wave processing software. All volumeimages were registered to one high contrast functional scan to correct for rotation and translation between scans (Thevenaz et al., 1998) . Scans were normalized for mean volume signal-intensity. For the fMRI dataanalysis a multiple regression algorithm (Worsley and Friston, 1995) with three factors was used, i.e., one for task-level, and two to model machine-related signal drifts (see Fig. 2 ). Multicollinearity of the multiple regression factor matrix was well within acceptable limits, (variance inflation factor (VIF) was lower then 1.5 for each regression factor, see for instance Montgomery and Peck, 1982) . The algorithm differs from that of Worsley and Friston in that no temporal or spatial smoothing was applied. Data-sets of each individual were analyzed separately to avoid loss of spatial detail in detecting load-sensitive and load insensitive activity.
First, a "map-analysis" was performed to identify all areas that were activated during execution of the task. This step is analogous to a standard subtraction method. To maximize power of detecting activity, the map-analysis included only the scans made during the rest condition and the scans made during the level with the highest mental load, i.e., the 3-back level (a total of 80 scans). A Bonferroni-correction was used to correct for the total number of comparisons made, i.e., the total number of brain-voxels in the functional scan.
A second analysis served to select voxels that were specifically related to working memory. In this "signalanalysis," the voxels selected in the map-analysis were tested for a positive linear correlation with task-level. All scans were included that were made during the execution of the n-back task, thus excluding the scans made during the rest-condition. A linear input function, correlating with task-level (0, 1, 2, 3 for the 0-back, 1-back, 2-back, and the 3-back level, respectively, see Fig. 2 ) was used to select voxels showing a significant effect of level. A Bonferroni-correction was used to correct for the total number of comparisons made (i.e., the set of voxels that was selected with the map-analysis).
The following volumes of interest (VOIs) were determined for each subject, using the brain atlas of Duvernoy et al. (1991) , guided by the classification system of Brodmann: left and right dorsolateral prefrontal-cortex (superior-and middle-frontal gyrus, Brodmann area BA 46, 9, 8), the anterior cingulate (BA 24, 32), the left and right parietal cortex (area within post central sulcus, parieto-occipital sulcus and temporooccipital sulcus, BA 7a, 7b, 39, 40), and the left primary sensorimotor-cortex (precentral and postcentral gyrus, BA 1-5). Brodmann area indications are only approximations, as his classification system is based on cytoarchitecture rather than sulcal landmarks, and is not three-dimensional. The VOI sizes are relatively large, but this is not uncommon in studies using individual activity maps (see for instance Zarahn et al., 2000) . Large VOIs are chosen to take functional topographical variability across subjects into account. Individual unsmoothed activation maps typically show large differences between subjects. Smaller VOIs would become less meaningful, as the number of subjects showing activation in a VOI would become much smaller.
Voxels with significant load on the task-level factor in the signal analysis are referred to as load-sensitive voxels and the other voxels from the map-analysis selection as load-insensitive voxels. Within each voxel, the percentage signal-change was determined for each level, relative to resting baseline. Presented results are averaged within subjects across active voxels in each VOI, and over subjects that showed active voxels in that VOI. To verify effective distinction between loadsensitive and load-insensitive activity, within each VOI the signal increase in the load-sensitive voxels was compared to that in the load-insensitive voxels with a general linear model for repeated measurements (linear contrast, interaction between level of task (0-through 3-back), and signal in each of the task levels). In this post-hoc analysis, only subjects with both load-sensitive and load-insensitive activity within a VOI were included, as both variables are required for statistical comparison. Because averaging of the signals is solely done with the purpose of testing the assumption that the load sensitive voxels show a generally different signal than the load-insensitive voxels, we only included signals from the selected voxels.
Relationships between performance on the task and various measures of regional brain activity were investigated in an exploratory manner. To this purpose, performance decrement was compared to numbers of load-sensitive and load-insensitive voxels in the vari-ous VOIs. To reduce large between-subject variations in these numbers, they were corrected for total number of active voxels in the brain (obtained in the first multiple regression analysis) prior to correlation analyses. Performance decrement was calculated by subtracting the percentage of correct responses (relative to the required responses) made in the 0-back level from that in the 3-back level. Given the exploratory nature, these analyses were not corrected for multiple comparisons.
RESULTS
General Results
All 12 subjects activated the dorsolateral prefrontal cortex in the map-analysis (i.e., 3-back versus rest). Three subjects showed left lateralized and two subjects showed right-lateralized dorsal-prefrontal activity (see Table 1 ). All 12 subjects showed parietal activity in the map-analysis. Eleven subjects activated the parietal cortex bilaterally and one subject showed left-lateralized parietal activity. The anterior cingulate activated in eleven subjects in the map-analysis, as did the left primary sensorimotor cortex.
With the signal-analysis, load-sensitive voxels were found in all subjects (see Table 1 ). In the dorsolateral prefrontal cortex, load-sensitive activity was left lateralized in three subjects, right lateralized in three subjects, and bilateral in four subjects. Two subjects did not show load-sensitive voxels in this region. In the parietal cortex, load-sensitive activity was bilateral in 11 subjects and left lateralized in one subject. The anterior cingulate showed load-sensitive activity in eight subjects.
In Fig. 4a comparison of the numbers of load-sensitive and load-insensitive voxels in each VOI is presented. The largest number of load-sensitive voxels was found in the parietal cortices. The only region where the difference between numbers of load-sensitive and load-insensitive voxels was significant, was the left primary sensorimotor cortex (Wilcoxon matched pairs, Z ϭ 2,67; P Ͻ 0.01). An example of the distribution of load-sensitive and load-insensitive activity in a single subject is shown in Fig. 7 .
Relation between Signal and Task-Level
Concurrent load-sensitive and load-insensitive activity occurred in most subjects, in left and right parietal cortex (10 of 12 subjects). Concurrence of load-sensitive and load-insensitive activity was observed in seven subjects in the anterior cingulate, in five subjects in the Note. Performance decrement (perf, percentage of correct responses in 3-back minus that in 0-back); number of load-sensitive (LS) and load-insensitive (LI) voxels, together with the mean (all subjects included) per subject for whole brain, left and right dorsolateral prefrontal cortex (DLPFC), left and right parietal cortex (PC), anterior cingulate (AC), and left primary sensorimotor cortex (PSMC).
FIG. 4.
Number of load-sensitive and load-insensitive voxels for each VOI, averaged across all subjects (plus standard error of the mean) (*P Ͻ 0.01, difference between number of load-sensitive and load-insensitive voxels).
left prefrontal cortex and in four subjects in the right prefrontal cortex (see Table 1 ).
The linear increase in signal in load-sensitive voxels was significantly higher than that in the load-insensitive voxels, in all examined VOIs. The difference in slope was highest in the right parietal cortex F 1,11 ϭ 155.9; P Ͻ 0.001), followed by the left parietal cortex (F 1,11 ϭ 48.2; P Ͻ 0.001), the anterior cingulate (F 1,5 ϭ 28.9; P Ͻ 0.005), the left prefrontal (F 1,3 ϭ 16.6; P Ͻ 0.05), and the right prefrontal cortex (F 1,3 ϭ 12.0; P Ͻ 0.05).
The initial signal increase in the load-sensitive voxels, i.e., that at the 0-back level, also differed from that in the load-insensitive voxels, which is illustrated in Fig. 5 . The load-insensitive voxels show a larger signal increase from resting baseline to 0-back than loadsensitive voxels.
Relation between Task Performance and Activity
All subjects performed all levels of the task with low error rates. The highest individual error rate in the 3-back level remained under 20%. Group averaged performance data reveal a main effect of level on error rate from 0-back to 3-back (1.1, 1.9, 5.0, and 7.8%; MANOVA: F 1,11 ϭ 10.48, P Ͻ 0.01), reflecting a higher mental load with increasing task-level (see Fig. 3b ). Individual performance rates differed from a small decrease in error rate (Ϫ0.8%) to large increases in error rate (17.3%) from 0-back to 3-back (see Table 1 ).
When examining the signal change in each VOI, no significant correlations were found with performance across subjects. When the numbers of load-sensitive and load-insensitive voxels in each VOI were analyzed, two effects were found. The first effect was a correlation between performance and relative number of loadsensitive voxels in the anterior cingulate cortex (rho ϭ 0.70, P Ͻ 0.01). The second effect involved the right parietal cortex, where the relative number of loadinsensitive voxels, correlated negatively with performance (rho ϭ Ϫ0.68; P Ͻ 0.01). A better performance was correlated with a larger area of load-sensitive activity in anterior cingulate and with a smaller area of load-insensitive activity in the right parietal cortex (see Fig. 6 ).
DISCUSSION
This study examined cerebral activity in response to graded demands on working memory, in terms of loadsensitivity and load-insensitivity, using an n-back work-
FIG. 5.
Percentage signal increase relative to resting-baseline for the six VOIs and the four levels of the task, averaged across all subjects that showed at least one significant voxel in the VOI (straight line, load-sensitive voxels; dotted line, load-insensitive voxels. PC, parietal cortex; DLPFC, dorsolateral prefrontal cortex; AC, anterior cingulate; PSMC, primary sensorimotor cortex).
ing memory task with four levels. Analyses were performed on individual subjects, allowing for voxel-by-voxel tests of load-sensitive and load-insensitive activity.
An extended network of working memory related activity was identified in all subjects. This network consisted of both load-sensitive and load-insensitive activity bilaterally in dorsolateral prefrontal cortices, parietal cortices, and in anterior cingulate. The analytically obtained distinction between load-sensitive and load-insensitive brain activity was confirmed with post-hoc comparisons of signal increase patterns, in all examined VOIs.
The distribution of load-sensitive activity agrees with previous publications, in which bilateral loadcontingent activity was reported in superior middle and frontal gyrus, and inferior or superior parietal cortex Callicott et al., 1999; Cohen et al., 1994; Rypma et al., 1999; Smith et al., 1998) . In contrast, those studies did not report load-sensitive activity in anterior cingulate although this area has been implicated in task difficulty (Paus et al., 1998) . A possible explanation may be that overall performance in our study was at a high level and, as our results indicate, load-sensitive activity is correlated to perfor- mance. The presence of both load-insensitive and loadsensitive voxels, in all of the examined VOIs, suggests that specific working memory processes and nonspecific processes take place in these areas, a finding which has been previously reported for prefrontal cortex (d 'Esposito et al., 1998) . None of the VOIs examined, except the left primary sensorimotor cortex, were associated exclusively with load-insensitive activity. This supports the notion that both supportive and working memory-specific functions are colocalized in various parts of the brain.
As mentioned in the method section, the VOIs in the current study were relatively large, particularly when considering reports on functional heterogeneity in prefrontal and parietal cortex (Corbetta et al., 2000; Courtney et al., 1998b; d'Esposito et al., 1998; Gitelman et al., 1999; Hopfinger et al., 2000; Ungerleider et al., 1998) . Most of these reports however have made use of group-averaging methods, and as such disregard heterogeneity of functional topography across subjects. Such heterogeneity has been reported, even for the primary motor cortex (Penfield and Boldrey, 1937) , and should therefore be considered when a within-subject voxel-by-voxel analysis is performed, as in the current study. Individual activity patterns in this study did not show a topographic consistency of activation across subjects that would have made smaller VOIs meaningful. One could argue that not all load-sensitive voxels exhibit the same b-level (slope of signal increase), within our chosen VOIs. While this is possible, and might be looked into, this was not the scope of this study. The main goal of this study was to separate load sensitive from load-insensitive activity on a voxel by voxel basis. Increased demands on working memory can be expected to lead to increased cerebral activity, as long as a certain level of performance can be maintained. If this is not the case, and performance drops dramatically, then one would expect to find a commensurate loss of activity in areas that mediate working memory function either because maximum processing capacity has been exceeded, or because some brain regions that are critical for this function fail to contribute. In the current study, performance was maintained at a high level, indicating that working memory was engaged successfully at all task levels in all subjects. Across subjects, good performance was associated with the extent of load-sensitive activity in the anterior cingulate (Fig. 6) . The correlation indicates that the ability to maintain high performance on this task across levels is linked to increased engagement of anterior cingulate cortex. An extensive review (Paus et al., 1998) has shown that activity in the anterior cingulate is strongly related to task difficulty. Reportedly, increased activity is not directly associated with increased demands on working memory, but to a more general arousal effect. We did not find significant correlations of performance with number of active loadsensitive voxels in other VOIs.
In the right parietal cortex, good performance was associated with a reduced extent of load-insensitive activity (Fig. 6 ). This may be associated with application of an efficient or effective task execution strategy. It may be postulated that an efficient strategy is associated with adequate dynamic engagement of anterior cingulate, while an inefficient strategy imposes increased claim on parietal support systems with concomitant reduced engagement of anterior cingulate.
Hemispheric dominance was not observed, neither for load-sensitive nor for load-insensitive activity. Individual differences in lateralisation were large, but none of the subjects showed completely lateralized activity. In literature, evidence for hemispheric dominance in working memory is not convincing, as both left dorsal-prefrontal dominance Demb et al., 1995) and right hemispheric dominance (Buckner et al., 1996; McCarthy et al., 1994) have been reported. In fact, most studies report bilateral prefrontal and parietal activity (Barch et al., 1997; Cohen et al., 1997; Courtney et al., 1997; Jonides et al., 1998) , and this is confirmed by the present findings.
Load-sensitive activity is related to the increasing demands made on working memory when the task becomes more difficult. Conceptually, the working memory load in the n-back task affects three different processes, i.e., active temporary retention of information, rehearsal of information held in temporary retention (Awh et al., 1996) , and retention of the temporal characteristics of the stimulus (Fuster, 1980) . The demand for temporary retention of information in the n-back task is moderate (i.e., three items at most), and activity in working memory regions is reportedly more sensitive to manipulation of information than to temporary retention of information . From this point of view, load-sensitive activity in the n-back task may reflect increased manipulation of stimuli, rather than an increased load on temporary retention of stimuli.
One could argue that load-insensitive activity might simply be the consequence of a partial volume effect (i.e., averaging with signal from adjacent nonactive tissue) on load-sensitive activity, instead of reflecting two different types of processing. However, signal increase in the 0-back level, relative to rest, in loadinsensitive voxels is higher than that in load-sensitive voxels. As this finding is not compatible with the partial volume notion, it is unlikely that such effects can explain the presence of load-insensitive voxels. Another possible explanation of load-sensitive signal change is that with increasing levels in cognitive tasks, reaction times generally increase, causing an increase in activity in areas that subserve motor-response programs (due to response delays). As responses are de-termined by preceding stimuli, and not by the latest stimulus, reaction time was not affected by workload (see Fig. 3a) . Accordingly, activity associated with motor program does not increase with workload and therefore cannot explain load-sensitive signal increase in the current study.
The present experiment does not allow for differentiation among processes or functions that are loadsensitive, such as holding stimuli on-line, and rehearsal of these stimuli. Topographical distinction between functions has been postulated in other studies where associations were reported between parietal activity and perceptive memory and between prefrontal activity and verbal rehearsal of the material that is held on-line (Awh et al., 1996; Smith et al., 1998) . The current finding of load-sensitive activity in prefrontal cortex suggests that it is additionally involved in the process of sustaining or manipulating spatial representations of stimuli that are stored in the parietal cortex, for subsequent (delayed) use. The present design also does not address the issue of separating the various non-specific processes that contribute to load-insensitive activity, such as visual orienting, stimulus perception, encoding and processing, and response selection or execution. This would require multiple dedicated task designs with appropriate control tasks. The focus of the present study was not so much on identification of neuroanatomical substrates of the various functions, but on the separation of specific and nonspecific workload processes, to provide a means of further investigating the specificity of the types of cognitive processes that are associated with cognitive deficits in psychiatric disorders.
This study demonstrates that activity of some brain structures in frontal and parietal cortex correlate with mental load, while activity in other structures remains constant, irrespective of mental load. It also demonstrates benefits of preserving high spatial resolution, and of emphasizing individual signal-analysis, as the process of smoothing images to obtain group averages would inevitably decrease differences in load-sensitivity between voxels. Especially for higher order cognitive functions, the loci of activity may not be as consistent over subjects as for lower order functions such as motor functions.
Although it is not possible to specify the processes reflected by load-sensitive or load-insensitive voxels, the concurrence of both types of activity in all examined VOIs, does indicate that nonspecific, or supportive processes and specific working memory processes co-occur in multiple regions. This interpretation of our results is in line with earlier studies, in which evidence for a functional anatomical separation of working memory "slave" systems, and executive control-centers was not found d'Esposito et al., 1995) .
The presented approach allows one to deal with a dilemma in patient studies, where both performance and cerebral activity are affected in unison. A simple mapping analysis showing deviant cerebral activity in, for instance, a schizophrenic patient, reflects the overall task-execution, but does not allow for a distinction between deficits in specific processes (e.g., working memory) and deficits in nonspecific processes (e.g., stimulus perception, motor response, etc.). By using a multiple level-task, one can screen for activity at a well-performed level, and then use the other levels to examine the relationship between the signal in involved voxels on the one hand and performance on the other hand. Examination of load-sensitive activity allows one to examine if a poor performance with higher demands is directly related to a capacity problem, such as an ineffective use of limited working memory resources. Load-insensitive activity provides a "control" measure, addressing problems in execution of nonspecific task-related processes, such as perception, encoding of information, selecting and executing responses, as well as general effects of medical treatment or increased movement.
